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SUMMARY

The continuum low density hypersonic flow of a chemically
reacting and radiating gas over a blunt body is analyzed by an
approximate technique based on a recent alternative formulation of
the well -known nethod oi integral relations. Specifically,
approximat:ons are introduced feor the streamwise variations of
several flow properties. while detailed radial profiles, (consistent
with the stipulated procedure) are sought by numerical analysis
along normals to the body (essen:ially normals to streamlines):;
the particular formulation allows careful analysis of the large
changes 1n physico-chemical properties ot the gas between body
and shc k, as are to be encountered at the low Reynolds numbers
where viscous effects are important over the entire shock layer.
Detalled derivations ot the simplified system c? ordinary differ-
ent:al! equations and ol the voundary conditions governing the
problem 1s presented. An outline of numerical procedures for

applications 135 also gaven,
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idg INTRODUCTION

The problem of observables associated with reentry of hyper-
sonic vehicles has received considerable attention in recent years.
This problem nas strcng physico-chemical as well as fluid mechan-
ical overtones. Applications require detailed and accurate
quantitative predictions of flow properties; such level of precision
can only be obtained by numerical methods. A large body of related
literature has recently been set forth; however, most analyses are
pertinent to high Reynolds number flows where distinct shock,
inviscid and boundary iayer regions can be recognized. The range

of applicability of those analyses is limited to altitudes helow



approximately 220 kft. for typical body dimensions (R=l1 ft), and
hypersoric reentry conditions. At th2 higher altitudes different
flow regimes are encountered, which involve increasingly complex
analyses. 1In an upward sweep of the trajectory, a continuum
description of the flow can be applied to study the initial
vorticity interaction, viscous layer, and incipient merged layer
regimes while the range of lower Reynolds numbers must be analyzea
on the basis of either transitional or free molecule flow theory.
The present study is concerned with the first three (con-
tinuum) regimes mentioned above. Even within these limits analysis
becomes very cumbersome, particularly when effects of chemical
reactions and radiation are included. Current state of the art
permits detailed numerical investigation of either strictly
inviscid flows (Ref. 2) or strictly boundary layer flows (Ref. 3)
including coupled chemical reactions and, in preliminary fashion,
radiation® (Ref. 4). Low density situations have been studied
to limited extent and only in connection with flows of ideal

gases; although related analyses rely heavily on extensive machine

For missile and lunar vehicle reentry, the effect of self
absorption can become significant in some part of the shock
layer (Ref. 4); however, in this preliminary study we assume the
thin gas approximation to be valid over the entire flow field.




calculations results are only available for the stagnation point
on a sphere (Ref. 5) and for flows about blunt bodies within the
Newtonian approximation (Ref. 6). The limitations of those
thecries are well known.

The present analysis was undertaken having in mind the
strict requirements for prediction of observables, definition of
the range of possible observation, and interpretation thereof.
However, in view of the exploratory nature of the task an approx-
imate method of analysis has been sought, presumably retaining
the essential features of the physical situation.

In the oresence of viscous effects and of chemical reaction
extending to the entire shock *iyer careful consideration must
be given to distributions of state properties and composition in
the direction nocmal to the body surface; on the basis of this
consideration, we have adopted an integral method formulation
based on approximate description of the cistribution of flow
properties in the direction parallel to the body surface
(Refs. 7 and 8).

Details of tlie investigation are presented in the following
sequence: Section II) The Governing Partial Differential

Equations, Boundary Conditions and the Approximations Based on




Orders of Magnitude Analysis; Section III) The Integral
Approximations and the Resulting Ordinary Differential Equations
and Boundary Conditions; Section IV) Outline of Numerical
Procedure Including Iterative Technigues Successfully Proven in
Connection with other Problems.

The present analysis represents the first phase of a
research program on reentry observables in low density continuum

flows currently under way at GASL.



II. GQVERNING EQUATIONS AND BOUNDARY CONDITIONS

The equaticns governing the two-dimensional or axisymmetric
flow of a viscous, chemically reacting and radiating gas, in a

body oriented coordinate system (x,y,®) are:

. = N s ] S
Continuity:
3 3 ( '
a0 = = )k
3% (FPu) + 5= xrlpv] = 0 (1)
Momentum X:
w, o, oo, 2 2
p 3x Xv 3y “ ' ax dx Yy X Xy
(2)
T XT

ToxTow 2 Xxy 3r




Momentum Y
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body curvature

0 two~dimensional £
1 axisymmetric flow

1 + ky

azimuthal angle
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Furthermore for Le = Pr = 1 a

}7

a
0
>
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B(Ts) =

The system of 4+N-1 equations

state in the form:

o R
]

by a viscosity law:

and by the condition:

nd optically thin gas:

o )
H oo

3h

x4mp B(T ) Y (7)

is complemented by an equation of

n(p.p.e,) (8)
u(p.p,a) (9)
a, =1 (10)
1




The corresponding unkaowns in the original system are the
two components of velocity u, v, the pressure p, the density p and
(N-1) mass fractions.

Two sets of boundary conditions are imposed: one set at the
body and one at the "outer edge" of the shock layer: we specify

all the boundary conditions in a form appropriate for the "viscous
layer regime,’ namely: 1) no slip and temperature jump phenomena
are present at the surface of the body, and 2) the shock can be
treated as a surface of discontinuity.

The boundary conditions at the body are:

= v =0
Y% T g

= h(x)

Surface 5(11)
catalyticity: 1) if catalytic - a, in equilibrium

2) if not catalytic -simpermeability con-
ditions for all
species except
surface material

The boundary conditions at the shock are obtained from the
standard Rankine-Hugoniot relations in terms of free stream prop-
erties,of local shock inclination, and of a prescribed composition

of the mixture on the downstream side; formally
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A
o WLl R
s
v =YV
S
p=p, B(lz)
D=ps
&, = @,
1 1
s

The total orde - of the original system is [7+2(N-1)]: the
[742(N-1)] boundary conditions (11) and (12) are however insuf-
ficient since the shock geometry is also unknown. The diffi-
culty is removed upon examination of the continuity equation at
the body: this provides the additional boundary conditions,

namely

(v ). =0 (lla)

The original system of Eqs. (l)-(5) may be simplified con-
siderably for specific application to high Mach number flows.
Under those conditions the orders of magnitude of the basic

properties in the shock layer are:




Y P

~ g << 1

> (13)

Xx~L >0

-1

Accordingly the following simplified form of the equations is
obtained when terms of order higher than (tRe)"1 are neglected

(Ref. 5):

Continuity:
S ood, x B asien .
3% (r-pu) + ¥ (xr’pv) 0

Momentum X:

a3 2u v__2®,2 [,
P {u 3x + XV 7 + kuv} = - 3x + ay XK By

11
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Momentum Vy:

. [B 2x
€3 {r dx
Energy:
3H
P {U g' + XV
Species:
s,
i
p {u = + XV

The system (14)

2u é_aga_r”
3y oy Iy x_ex
) (14)
By B i
o, o,
B v £ v IR
oy J Ay Ay i

represents the basis of the present analysis.

All subsequent developments are aimed at developing a r.ethod of

solution.

independent variables

In this connection we begin by introducing new

(15)

y/8
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with

6 = 6(s) (16}

the shock detachment distance; the domain of integration is thus
transformed into a rectangle.

Performing the transformation

\
CF 0 et
3y & dn
?(17)
Qs lon Al E
¥ 3% 0 ds )

and recasting the equations in divergence form (desirable for

implementation of the integral approach) we obtain:

Continuity: N

o fw
3

=03
s (r'‘pu} - n s

j j
r- das ) 3 (r_ . ’
Momentum x:

. - 3 3
) j 2 3= i L ob 2 L ) <o
ds [r (p+pu )J il LRt LS ds (p+pu )] * dn ‘6 xpuv,

R j
! d r
- kr’ (jp tan Gb—puv) Pe= (E- XT

£
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Momentum vy:

J 3
s (r a6 ) L2

e - do L hag & A 2
ds L SAS T dn |0 as Puv 3n [6 X (p+pv )]
- krj[(l+') +pu°] = == 53- T ) St
pta gl ovdy )
" 3n |6 ds Txy
Energy:
: j L \
A e 3 |x_ 48 PR rmd
as (FPul) - n 30 (3= s PuH| + 50 |§— xpvH
iy g T e
an (& XM § 3n) ~ X¥TAmH

Species:
2 3 > [ a8 )a__’
Be (LoPN) B o (o as Pu%l * 3n |5 XPve
_e (2 _ai) .
" |8 X*EF o

The boundary conditions are still expressed by (11) and (12)

intended to apply at n=0 and at n=l respectively.

) (18)
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ITI. THE INTEGRAL APPROACH

Metiiodology for solution of the simplified system of partial
differential Eqs. (18) is established only for a particular formula-
tion of the problem (the inverse problem where the shock shape is
specified and the associated body is determined) and involves con-
siderable labor. The practical problem of analyzing the flow
about a given configuration can be solved within practical limits
of numerical effort only in approximate fashion. A well known
procedure to this effect is represented by the integral method in
its various formulations (Refs. 7 and 8). In esserce this method
reduces the system of governing partial differential equations to
an approximating system of ordinary differential equations by
introducing assumed distributions of flow properties along one
coordinate direction. In the present report we choose to make
assumptions about the variation of flow properties in the stream-
wise direction since, in the presence of visccus efZects and of
chemical reactions extending over the entire shock layer, we are
particularly interested in assessing the effect of transport
phenomena on cross-stream distributions of physico-chemical prop-
erties of the gas.

We begin implementation of the aforenoted integral approach

by integrating Egs. (18) between two general stations s; and s;
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to obtain the integro-differential equations:

continuity:

Momentum X:

: Sg sa. J ss [ ]
j s SRS o A SOY 2 AL 8
[r (p+pu )]S n 3o ‘g[, \_6 s (p+pu )]ds + 3 ;[ 3 xpuv |ds
1 1
(19b)
83 . S3 j
; d
- j [er(Jp tan Gb-puv)]ds o j (%— xfxy)ds
Sy Sy
Momentum y:
: S sg .3 Sar _J A
37 2 2 a ) 3 r*red
[r pqu -n 35 j (6 ds puv]ds + ™ j [6 x(p+pv’)st
Sy S S3
Sa " . sa [, ]
r . {
- ) erL(1+3)p+pu’st ol vy | (%— xfyy)ds (19¢c)
p 3
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Energy:
. Sz Sa ] Sz J
j e L r_ 4§ o Eog
[r puH] n 3n J (6 =P puH|ds + 3n J 5 XPVH |ds
S Sy Sy
(194)
s gl s i
Erbos (VA B n DR e
Y (5 X S| S5 | xclamii Byas
Sy S
Species:
. Sa sa | ] sz 3
il Jo gl "N x” (ab ol il
[r p““J n3= | |5 Soeuefas v 55 (5 wevey)ds
Sy S Sy
(19e)
) ou s
3 %23 1 i e T
" 3dn 5 X¢§ 2n A I (xr pwi)ds
Sy Sy

Reduction of the (3+N) Egs. (19) to ordinary differential form
follows immediately vpon stipulation of the s-distribution of
certain flow quantities. We point out that only (3+N) quantities
can be subject of independent description; of these, two must be
velocities, two state properties, and (N-l) species. We assume

polynomial laws for the following:
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pu = Ays + Aasa i lelfe

pu = Bys® + B.s* + ---
puv = C;8 + Cas8® + --- >(20)
Puh = Dys + Dys® 4+ ..

pu. = E .8 + E_.8" + .-

where the coefficients A, B, C, D, E are functions of n. The
selected quantities are all equal to zero at the axis and the
assumed s dependencies satisfy the symmetry conditions; there-
fore, the number of terms in each polynomial is equal to the number
of control stations away from the axis. Consistently with this
procedure the properties at the axis are found from ratios of the
laws (20) and not from the independent solution of the stagnation

point partial differential equations (Ref. 5): for example:

r 1 ruva C: (n)
v(n) w (e = (21)
L “axis L‘lJaxis Ay (n)

and so on for all other properties. We also notice that in the
case of one control station and one term in the laws (20), the

proposed procedure is equivalent to assuming flow similarity.




crm— o=

19

In addition to the four independent quantities (20) other
accessory properties are cast in a polynomial form to permit a more
convenient numerical integration of the final system; naturally the
degree of tnese polynomials is determined by the constitutive rela-
tions to be satisfied by the quantities on hand [e.g. Egs. (6)]

consistent with the postulated distributions (20). Tlus, we set

my
= + S SR s
pu‘rxy Fy, s F, s le
mg
urT B G S o GatY | o e kG S
P vy 1 3 me
(22)
aH a3 m3
sy b + e 4
pup 3= Iy s Las ngs
pu igi'— M. 8 + M, s 4 *°c &+ M snu
TR is i

consistent with symmetry requirements and specific definitions.
Upon substitution of {20) into (19) and (22) one obtains t
simultaneous nonlinear ordinary differential egquations of the

first order which can be cast in the form

t ap
mE
L 4x dn Fo (28)

A=l
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where

AN =le 2 e ettt

t is defined in terms of the number z of control stations
(s = const. = s, S3...), the number of chemical species N and

the magnitude of the highest powers m, appearing in (22)
t = z(34N) +my + my + mg + (N-1)mg (23a)

Px(n) denotes the general coefficient (Ai,Bi, etc.) in the
stipulated distributions (20) and (22), aox and Fo are known

functions of s;/, n and Pl to be determined case by case in accord
with the number z of stations considered. Of the t Egs. (23),
2(3+N) follow from the conservation laws (19), while the remaining
(my +mp4mg +(N-1)m¢ ] are obtained by setting to zero the coefficients
of al) powers of s in (22). The t boundary conditions for the
system (23) may readily be obtained in the following way: z(3+N)
conditions are obtained by simultaneous consideration of (l1),

(12) and (20); [my +mg+ma+(N-1)m,] additional conditions are
derived therefrcm by substitution into (22) and subsequent

setting to zero of the coefficients of all powers of s. Recog-

nition of additional z unknowns, namely the z coefficients in the

law describing the shock shape., does not alter the order of the

— —
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system and merely requires implementation of the conditions (lla)
at the z control stations.

In summary, an integral method analysis of the viscous flow
of a mixture of N reactant gases over either two-dimensional or
axisymmetric bodies, by recognizing z regions (strips) within the
domain of interest, involves the solution of a system of t
ordinary differential equations of first order (23) plus z alge-
braic equations, subject to t boundary conditions [t defined by
(23a)]. The detailed derivation of expressions for coefficients
and forcing functions in the system must be carried out case by
case (depending upon the selected number z and the thermodynamic
behavior of the mixture); however, some rules of internal con-
sistency must be respected in that process as described below.
To be consistent with the stipulation (20) various flow prop-

erties of interest must be described by the relations:

ov = JEEXIéEEL (24a)

(pu®)
pv? = %ﬂ%’ﬁ (24b)

@ = ——— (24c)



2
_ {puh)
h (pu) (244)
l 2
H=h+73 (u®+v®) = h + %- {gﬁ;%-[(pua)+(pv’)} (24e)

p = phas,n) = LBEhléﬂgl 7(s,n) (24f£)

(pu®)

The formal expression for the pressure p is suggested by consid-

eration of ideal gas flows wherein 7 = const; in the more general

case one has

n(sln) = "(Pah:ai) (25)

As an example of consistent derivation let us examine a compli-

cated term such as that involving the pressure in the X-momentum

Eg. (19b):

~52 3
r dd (26)

The consistent law for the shock is

8§ == 60 + 6152 + 635‘ s L (27)
Thus
S (s) + 9n Ry (s) (28)
8 ds Ro 15 in R

—= WM @ MEAE CVEN WM Er A BER UNE DS B




with

J
1 a6 cos %2
6 ds k

Ro (s)
(29)

Ry (s)

db
He cos Bb

The appropriate Sequence of transformaticns of (26) then proceeds

along the following lines:

NI T 3 rSe .
3; f - E;-p ds = ¥4 j [Ro(s)+3n R;(s)] X
Sy Sy

Ay Dy +(Da Ay +A s +Da A, 547
x [_LDI ( QB:+stDé) 3.3 _l ﬂ(s,n)ds

%2 Ro(s)+in Ry (s)

B +Bg s?

:(,y!(\l

7(s,n)ds

{une ]

S

%% Ro(s)+in Ry (s)

+ (D3Ay +A3 Dy ) ] B tp s s?m(s,n)ds
5 2 4
Sa a
[° Ro(s)+in Ry (s) }
+ D3A, % B, +B,s° s”7(s,n)ds
1

_ (M) r°2 Ro (s)+jn Ry (s -
= i g B3+B:§%1—L 7(s,n)ds
1

23
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Q

ds
n)
2ﬂ(s,

s

3

B B‘S
3+

+

S
an

ds
(®) s*nm(s,n)
)+jn Ré

i ROISBQ"’B‘S

AsAa )

N 3dn

i
ds

Ry (S) TT(S,n)
53 R (s)+in

s (rn, |

<
F
(Ba +B4, S )

}J+in Ry (s)
52 Ro (s

ds
s?n(s,n)

X

4

(Bg +B¢s”)

Ay +A3 D ) ix
(D
+

n)ds }

) ‘ﬂ(S, )
o ?;és s (30

K RQ((;Q'PE‘S

+ D3 A, L ) aﬂ(s’n)ds
= s
. (s)+in f),
[52 RQ(B:"’B‘,S
9B {AxDx gx
Y

Rg (s)
in Ry
in g

fsa zgzin‘sz)

) J

+Aa3 Dy s

(D3 Ay

+

ds
s*m(s,n)

SQ ) A;
(

a
)
S
N g n(s,n)ds
+ DaAj ‘éx -
S
| A1+A3?% — 28 (s,n)d
2 . +B‘o )
A]_DI i Bz )sa+DaAas an
Sa Ry (s) A} +A3D%
. | |
i gx 7 Ay Dy +( 3324-134
s)J
jn Ry (
5)+3n
r (s)+
[ [ Ro
+

]
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all the integrals in (30) except the last one may be evaluated in
straightforward fashion to obtain associated contributions to the
coefficients 200’ the last integral is reduced to the desired

form by means of the additional relationship:

p = [Ro (S)+jn Rz (S)] A1D1+(D3A1+D1A3)S +D3Aas (31)
By +B4s?
and transformation:
Sa Sa2 (pue, )
i N _ T 3(pu) r_ fpuh) 38m _ i Bﬂ T
% p dn ds = gt p{ on {(pu)< 3h (pu)5 + (pu )BDJ
, 2pun _1__al+a("“°‘) 1 2
3n pu 3h an pu aai
d(pu?) (pu)®  2r
- an (pu?)* } oA
_ an *® r_ (puh) 23m _ (Ful;) g , lew)  am
an ) PsL™ (ow® 2n 7 (ow)?  3a, T (pu¥) 3
1
, 9h 77 ar_ (puh) A1 (Puds) 3w, (ou)  2m7 .
n | Ps'L™ ow® 3 T (ow)® 3. " (pu’) 30
1
< 1> U + (32)

nll coefficients and forcing functions in (23) may con-
sistently be determined by algebraic transformations as detailed

at (z6) through (32) above.



Solution of the system (23) may only be sought by numerical
means; proper formulation thereof requires a preliminary assess-
ment of the general features of the integral curves to be obtained.
In this connection we obserw’e that the integral formulation adopted
here does not exhibit critical points of the type present in the
standard integral method; hence the integration is straightforward.
Tl.e absence of singularities follows from the a priori assumed
regular behavior at the sonic velocity as manifested either by
the prescribed pressure distribution on the body or by the pre-
scribed shock shape (see the alternative procedures in Section IV).
The singularity in the standard formulation represents a mathe-
matical manifestation of the continuity requirement; in that case
we start by assuming a shock detachrent distance 8, at the axis
and compute increment thereof. Here we do not say anything about
6; it is completely free to satisfy the continuity requirement
consistent with the assumed regular behavior.

Consideration of viscous effects, specifically the no=-slip
condition at the wall, in the present formulation renders the
equations singular at n=0; however, this singularity is regular
and integration in its neighborhood may readily be performed

along the lines dectailed in Ref. 5.

meset WORE WES R W



IV. CUTLINE FOR NUMERICAL PROCEDURE

In analogy with the inviscid b.unt body problem two possi-
bilities are open for the problem on hand: the direct and the
inverse method.

Analysis by the direct method proceeds along the following
lines: a) the body geometry and the body temperature are given;
b) (N+3) distributions of flow properties (polynomials in s) are
estimated at n=0; these are, for example, the shock geometry &(s),
the pressure p, the shear stress [whereby 2 relation between
(pu), and [1§§}i]n is obtained], and either the composition if the
wall is not catalytic, or the normal derivative of the N species
concentration Fséi)n if the wall is catalytic; c) the remaining
inputs for the integration are consistently obtained frcm the
study of the equations in the neighborhood 2¢ the hody: specifi-
cally, one reguires vn=0 to satisfy continuity and one determines
pn to satisfy the y momentum equation consistent with the pre-
scribed p(s)*; d) numerical integration of (23) is performed from
n=0 to n=1; e) compliance of the results of integration at n=1l

with the boundary (jump) conditions for P, P, u, v and ai is

*
The aforenoted set of inputs is equivalent to prescribing the
heat transfer since h =h (PyvD @ )

n n "n'"n’'"in
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inspected; and f) if the latter conditions are not satisfied
initial estimated values are modified and an iterative solution
performed following criteria such as are discussed later in this
section.

Analysis by the inverse method proceeds along the following
lines: a) the shock geometry is given; b) (4+N) distributions
of flow properties (e.qg. G,un,pn,hn,ain) are estimated and pre~
scribed at the outer edge of the shock layer (n=1) and initial
values for integration established accordingly:; c) integration
is carried out from n=1 to n=0; d) compliance with (4+N) condi-~
tions on the body (namely u=v=vn=0, h=hb and either ai or ain
consistent witn surface catalyticity) is inspected:; and e) itera-
tion is pursued if not all conditions are satisfied at n=0.

It must be concluded that either method exhibits comparable
numerical difficulties for the problem on hand; indeed a large
number of quantities [either (3+4N) or (44+N)] must be estimated
and iterated upon for either direct or inverse approach.

The required iterat.ons may be carried out .n organized
fashion by assuming linearization of differences between solutions
characterized by change in one input parameter only. To be

specific, a first run is performed corresponding to an initial set
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of (3+N) estimated guantities; subsequently (3+N) additional runs
are performed each characterized by a set of initial conditions
differing from the first one for a single quantity. In the
hypothesis that the error can be linearized a system of linear
algebraic eguations in the unknown A Qj [j=1,2,+++(3+N)] correc-
tions to be imposed on the estimated initial conditions may be
constructed; specifically one equates the errors observed in the
first run to a weighted linear combination of the errors intro-

duced by each perturbation to obtain

3+N aPi
Pi = Z Saf' A Qj (33)
LY oF

where Pi indicates the known initial error property for the.fh;xcperty
and the partial derivatives are obtained by differences between
the results of each "perturbation” run and the initial one.
Obviously the procedure can be repeated until satisfactory con-
vergence is achieved.

A second alternative to the numerical iteration may be
sought by extension to the problem on hand of Weil's method for
solving a class of ordinary differential equations usually

encountered in boundary layer problems. The essence of that
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method is the approximate solution of the equations by iteration,
satisfying exactly at each iteration the known boundary condi-
tions. Although the characteristics of convergence can not be
predicted, an approach along this line is here suggested in view
of its simplicity, its adaptability to automatic operation and its
capability to provide results to any degree of accuracy. The
salient procedural points are clearly illustrated by inspection

of the following model solution of a syztem of two non~linear
ordinary differential equations of the first order; extension to

the higher order system (25) is immediate. Consider the equations

3 af
Al 3o wmy T F1
(34)
af; daf,
2331 7, * s g * Fj
with a;i1, 313, @1, 333, F1, F3 = known functions of fy, f3, %,
subject to the boundary conditions
at x = 0 f; = f10
(35)

at x = 1 £2 = fa1
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Solve the system (34) for the highest order derivatives (in this

case first order):

a
F R
LV A S AT i,
AT a3 g
a4 tag,
aga

(36)
(s 3 1 daf,
m — —
dx aya [F" 11 dx J

At the general nth iteration the properties (f‘)n-l and (f;,)n_'1
are known (in the initial stage estimated profiles satisfying the

known boundary conditions are used as inputs. Write Egq. (36) in

the form:
s o 3
(df,) ol RS o h
ax n 2y, +agy 22
322lp.)
(37)
A "

F, - 32 p

dfz = 1 - 1 32 2 .

dx T oay Fy-a11 a3 2

n : \ ay, tagy -

22 n l
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Upon integration

x FI_ELL

[fx(x)]n i I 22 dx
O a1;+a31 2
d2a2-pn-1
(38)
% P - 42 Fa
1 Aaz
[fa(x)]n = (fao)n & I e Fy -2y, - ax
(o] ayy tags —"alj; o)
The boundary conditions at x=1 define
1 F, - 32 p
1 { azz
(f20) = fay - = By~ — dx (39)
= o) ay 1 -y e
¥ \ a1y +azy ;:f'n

and, therefore, Egs. (38) can be used to generate the new_pro-
(f20) =(fao) _;

(fa0)p

procedure is amenable to further refinements: in particular

files. The procedure is with a limit on . The

when the sclution oscillates an over-relaxed iteration or extrap-

olation can be used to expedite convergence.
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VIS CONCLUSIONS

A method has been presented for the study of the continuum
viscous shock layer about re-entry bodies as it is encountered
at altitudes approximately between 300 and 200 kft for vehicles
having typical dimensions of the order of feet. An integral
approach has been used which permits detailed description of
distributions of flow properties along normals to the body
surface and, thereby, should lead to reasonable predictions of
observables. The present report has been concerned with the
initial phase of the investigation, namely the development ¢f the
method of analysis. Applications will require extensive numerical

work; guide lines therefor have been discussed.
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